In order to quantify spindle tilt during the three phases In eukaryotic cells, proper position of the mitotic spindle is necessary for successful cell division and develof mitosis, we measured three-dimensional positions of the spindle poles from a time-lapse sequence of images. opment. We explored the nature of forces governing the positioning and elongation of the mitotic spindle in Those coordinates were used to calculate spindle length, elongation rate, and the tilt angle, i.e., the angle Schizosaccharomyces pombe. We hypothesized that astral microtubules exert mechanical force on the between the axis of the spindle and the longitudinal axis of the cell in three dimensions ( Spindle tilt angle decreased both during phase two and phase three. The elongation rates and the tilt angles marked with "3D" were calculated using three-dimensional coordinates of spindle poles. The tilt angles marked with "2D" were calculated from the same set of images as for 3D but using maximum-intensity 2D projections of the 3D data instead of the full 3D data. Note that 2D calculations substantially underestimate the real 3D angles. The angles at the end of phase one and at the end of phase two are significantly different for the 3D data (p ϭ 0.001), but not so for the 2D data (p ϭ 0.16). The angles at the end of phases two and three are significantly different in both 3D and 2D cases (p Ͻ 0.05). The numbers represent mean Ϯ SEM; n is the number of spindles.
Spindle tilt angle decreased both during phase two and phase three. The elongation rates and the tilt angles marked with "3D" were calculated using three-dimensional coordinates of spindle poles. The tilt angles marked with "2D" were calculated from the same set of images as for 3D but using maximum-intensity 2D projections of the 3D data instead of the full 3D data. Note that 2D calculations substantially underestimate the real 3D angles. The angles at the end of phase one and at the end of phase two are significantly different for the 3D data (p ϭ 0.001), but not so for the 2D data (p ϭ 0.16). The angles at the end of phases two and three are significantly different in both 3D and 2D cases (p Ͻ 0.05). The numbers represent mean Ϯ SEM; n is the number of spindles.
extended from the SPB to the cell cortex. We found that with respect to the spindle. This mechanism is also unlikely to work here since astral microtubules are typically this astral microtubule typically continued polymerizing, perpendicular to the elongating spindle, their number is while the attached SPB moved away from the contact small ( elongation by sliding apart of the antiparallel microtuTo further investigate the nature of the force that astral bules in the spindle midzone. In order to directly test microtubules exert on the spindle, we performed two the hypothesis that the key force responsible for spindle sets of experiments in which microtubule structures elongation is generated in the spindle midzone and not were irradiated at a high intensity with the same laser by astral microtubules, we investigated the relative beam as used for two-photon microscopy. In the first movements of the spindle poles and the change of spinexperiment, spindles were severed in their midzone. The dle shape after laser dissection of the spindle midzone rationale behind this experiment was that a spindle that (Figure 2 ). The observed effects on spindle shape fall into is weakened in its midzone or broken into two separate two classes. In the first class, laser dissection induced a parts should provide less resistance to astral forces than change in spindle shape and in distance between the an intact spindle. We observed in either weakened or poles, but the spindle remained a single structure (onebroken spindles with a single astral microtubule expart spindle, n ϭ 23 events, Figures 2A and 2B) . The tending to the cortex that the adjacent spindle arm rospindle either collapsed into a shorter form ( These observations together show that cell division can S. pombe based on pushing by astral microtubules (Figure 4) . Astral microtubules extend from SPBs into the continue and finish successfully even when the spindle has been broken. It would be interesting to identify comcytoplasm and exert a force upon contact with the cell cortex. An SPB positioned asymmetrically relative to the ponents of the spindle midzone that allow for spindle recovery after laser-induced breakage by testing mutacylindrical cell wall would experience pushing forces originating from the closest cell edge most frequently, tions in molecules such as klp5 and klp6 [30] .
We propose a model of spindle positioning in since astral microtubules are more likely to reach that whereas other cells use pulling, to position their spindles magnitude of the pushing force also depends on the
